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EXECUTIVE SUMMARY

A strategic goal of the U.S. Air Force is to be able to deliver munitions to targets
anywhere around the globe from the United States in 55 minutes. This will require very
high speeds and novel, very lightweight and temperature resistant materials. Nanoscale
materials technology has been recognized as critical for the defense needs in the 21 st
century. Nanocomposites are promising emerging materials for structural and functional
applications due to unique properties of their nanoscale constituents. However, the
currently available nanocomposites based mostly on nanoparticles lack the high strength
and stiffness required for structural applications. The advent of high-performance fibers
and their introduction to advanced composites produced a revolution in the area of
lightweight structural materials in the last decades. Further dramatic improvement of
fiber properties is expected with the reduction of their diameters into the nanometer
range. Superstrong nanofibers can lead to new, revolutionary levels of performance of
composites. A spectacular example of the emerging nanofibrous material is carbon
nanotubes (CNTs). CNTs have been recently shown to possess extreme mechanical and
physical properties. However, CNTs produced by the bottom-up synthetic methods are
discontinuous and their applications in composites are hindered by the difficulties with
their processing, alignment, and achievement of high volume fractions.

In this project, a new class of nanoscale reinforcement, i.e. continuous carbon nanofibers
was explored for the first time. A novel nanomanufacturing technology based on the
electrospinning technology was utilized. Continuous carbon nanofibers were produced
from polyacrylonitrile (PAN). Newly developed methods of controlled nanofiber
deposition and alignment were utilized to produce oriented nanofiber assemblies.
Fabricated carbon nanofibers were used in structural organic matrix composites with
specific objectives to: (1) demonstrate applicability of continuous carbon nanofibers for



delamination suppression in advanced PMC laminates; (2) explore manufacturing and
characterize mechanical behavior of carbon nanofiber reinforced epoxy matrix
nanocomposites. Continuous carbon nanofibers were used to reinforce interfaces in
specially designed aerospace grade carbon-epoxy laminates. Static and fatigue Mode I
and II fracture mechanics and edge delamination testing was performed. Substantial
improvements in delamination toughness, mechanical strength, and fatigue life were
observed for the first time. Pioneering multilayered carbon nanofiber reinforced
nanocomposites were manufactured and evaluated. It was demonstrated that continuous
carbon nanofibers may provide unique advantages for structural nanocomposite
applications.

This project provides an initial body of knowledge for the development of a new family
of advanced nanoreinforcing materials, i.e. high-performance continuous nanofibers for
the next generation lightweight structural nanocomposites. These nanofibers can be
produced at a reasonable cost compared to other high-performance nanomaterials, such as
carbon nanotubes. Nanofiber continuity dramatically reduces the cost of their handling
and processing into nanocomposites. Utilization of newly developed methods of
nanofiber alignment makes possible fabrication of nanofibers with superior anisotropic
properties. In addition, these methods enable fabrication of nanocomposites with higher
volume fractions and complex nanoreinforcement architectures. The resulting continuous
nanofibers and their organic matrix nanocomposites are expected to be usable in many
DoD and civilian applications.



STATEMENT OF THE PROBLEM STUDIED

The goal of this research was to establish applicability and effectiveness of novel

continuous carbon nanofibers as nanoreinforcement in advanced organic matrix
composites. Two major objectives of this project were: (1) to demonstrate the effects of

nanofibers on delamination toughness and durability of laminates by comparative static

and fatigue fracture mechanics and edge delamination studies on composites with and
without carbon nanoreinforcement at interfaces; (2) to explore manufacturing and

characterize mechanical behavior of carbon nanofiber reinforced epoxy matrix
nanocomposites.

SUMMARY OF THE MOST SIGNIFICANT RESULTS

Carbon Nanofiber Manufacturing

Continuous carbon nanofibers were manufactured from commercial PAN precursors
utilizing electrospinning process. The nanofibers were stabilized (cross-linked) and

carbonized at different carbonization temperatures. The as-spun, stabilized, and

carbonized nanofibers were studied by SEM and XRD. The electrospun PAN and carbon

nanofibers were uniform in diameter. The nanofiber samples did not require expensive

purification, unlike VGCF or carbon nanotubes. XRD studies on the carbon nanofibers
fired at different temperatures showed that higher temperature resulted in better
nanostructure.

Manufacturing and Evaluation ofAdvanced PMC Laminates with Carbon Nanofiber

Reinforcement at Interfaces - 1. Fracture Mechanics Evaluation

Continuous nanofibers manufactured from commercial PAN precursor were used to

reinforce interlaminar interfaces in aerospace grade carbon-epoxy composites. Panels

were manufactured with as-spun PAN, stabilized PAN, and carbon nanofibers inserted

between plies of aerospace grade carbon-epoxy composites. Care was taken to eliminate
warpage of nanofiber sheets during stabilization and carbonization. A specialized

constrained thermal treatment system was introduced and used for this purpose. Fracture

mechanics specimens were manufactured and Mode I and II interlaminar fracture testing
was performed utilizing DCB and ENF tests, respectively. Toughening effects of as-spun

PAN, stabilized PAN and carbon nanofibers were examined. Substantial toughening was

observed for the first time with continuous carbon nanofibers. Comparisons of carbon

nanofiber systems with polymer nanofiber systems (reinforced with as-spun PAN and

stabilized PAN nanofibers) showed that largest improvements in the interlaminar fracture



toughness (200% improvement in GIC and 60% in GLIC) were achieved with carbon
nanofibers. The latter effect is nontrivial and promising as carbon nanofibers could be
expected to be brittle. All improvements were achieved with a negligible increase in
composite weight. SEM fractographic analysis showed nanofiber pullout and crack
bridging as the major nanomechanisms of toughening.

Manufacturing and Evaluation of Advanced PMC Laminates with Carbon Nanofiber
Reinforcement at Interfaces - 1. Evaluation of Edge Delamination

Edge delamination in pioneering laminated composites with hierarchical continuous
carbon nano and conventional microfiber reinforcement was studied for the first time.
Continuous carbon nanofibers were manufactured from commercial PAN precursors
using previously developed techniques. These nanofibers were used to reinforce
interfaces in aerospace grade carbon-epoxy laminates. The optimal laminate lay-up was
designed based on modeling using a newly developed model of edge stresses in advanced
composite laminates. The (122 2 / 02]s lay-up was selected to excite the interlaminar
shear stresses at edges. Panels were manufactured with and without carbon nanofibers at
interfaces. Care was taken to eliminate warpage of nanofiber sheets during stabilization
and carbonization. A specialized constrained thermal treatment system was introduced
and used for this purpose.

Edge delamination testing was performed under quasistatic and fatigue loadings.
Probabilistic analysis of the effects of nanoreinforcement was performed. Effects of
carbon nanofibers on delaminating edge stresses were studied for the first time.
Substantial improvements in delamination onset stress and ultimate strength were
observed. Probabilistic analysis on multiple specimens showed that these improvements
were statistically significant. Fatigue analysis showed substantial improvements in
fatigue life and durability of the nanomodified composites. The improvements were
achieved with a negligible increase in composite weight. SEM fractographic analysis
showed nanofiber pullout and crack bridging as the major nanomechanisms of
toughening. Coupled with substantial Mode I and II toughening observed in the previous
reporting period, the results demonstrate high efficiency of novel continuous carbon
nanofibers for nanoreinforcement of interfaces in advanced composite laminates.
Studies of edge delamination demonstrate that carbon nanoreinforcement is capable of
suppression of (theoretically singular) edge stresses causing delamination in composite
structures.

Manufacturing and Evaluation of Pioneering Layered Epoxy-Carbon-Nanofiber
Nanocomposites

Pioneering multilayered carbon nanofiber reinforced nanocomposites were manufactured
and evaluated for the first time. Continuous carbon nanofibers were manufactured from
commercial PAN precursors. Nanofiber sheets were stacked, impregnated with epoxy
resin and cured under controlled temperature, vacuum, and pressure. Composites were
tested by dynamic mechanical analysis and modified fracture mechanics methods.



Analysis showed substantial anisotropy of mechanical and fracture properties in these
novel materials. Feasibility of manufacturing of continuous carbon nanofiber
nanocomposites demonstrated in this project for the first time opens up unique prospects
for the next generation structural nanofiber-reinforced nanocomposites.
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Novel Continuous Carbon Nanofibers
and Nanocomposites: Methods,

Procedures, and Results
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Lincoln, NE 68588-0526
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Project Objectives

Explore feasibility and further develop
nanomanufacturing methods for novel continuous
carbon nanofibers and their nanocomposites

Demonstrate applicability of continuous carbon
nanofibers for delamination suppression in
advanced polymer matrix composite laminates

Explore manufacturing and characterize
mechanical behavior of carbon nanofiber
reinforced epoxy matrix nanocomposites



Nanofiber Manufacturing

Solution badi
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Example of Continuous Nanofiber

Commercial and electrospun
carbon fibers



Fabricated Carbon Nanofibers

Modeling-Based Development of
Methods of Nanofiber Alignment
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Invited Perspective on Continuous Nanofibers
in Science

EmD
Y. Dzenis, "Spinning Continuous Nanofibers for Nanotechnology", Science, 2004, 1917-1919

Next Big Nanotech - Comparison of commercial advanced carbon fiber, one of the smallest
advanced fibers available, and electrospun continuous nanofiber (A). Comparison of vapor grown
commercial carbon nanofibers (B) and electrospun carbon nanofibers (C) showing substantially
improved nanofiber uniformity and sample purity. Examples of highly aligned and spaced linear and
orthogonal assemblies of continuous nanofibers produced by the gap method of alignment
developed by the Pis group at UNL (D, E). Cross-section of pioneering continuous nanocrystalline
zirconia nanofiber produced at UNL for potential applications in supertough ceramics (F).

Problem of Delamination

Fracture along interfaces between plies in advanced
composite laminates
Theoretical singularity of peel and shear stresses near
edges caused by ply properties mismatch

Straight, non-reinforced interlaminar plane with low
fracture resistance in laminates
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Proposed Solution

Nanofiber reinforcement at interfaces (UNL patents
awarded and pending)

Evaluation of Mode I Fracture
Toughness

G, 2
w(aB - ao)

I-
W5



Evaluation of Mode II Fracture
Toughness

GI..... 9P,.J a.a2

SG 2W(2LP+ 3a3 )

Toughening with Nanoreinforcement

Md I

Mode I Mode II
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Nanomechanisms

Mode I Mode II

Edge Delamination Analysis

"* Free edge stress analysis and laminate

design

"* Experimental evaluation

"* Evaluation of nanomechanisms



Free Edge Stress Analysis

h - Typical section

Free edge : Y

U,i

Free Edge Stress Analysis
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Boundary Conditions
02= Y4= a6=0, at y=0,b

G3= 04= 05=0, at z=±h/2
Laminate is assumed to be in a state of plane strain in the
x-direction, and El is constant



Analysis

"* Ply thickness: 0.125 mm

"* Unidirectional ply properties (P7951S-20-1000)

E,= 135.0 GPa, E2=8.5 GPa, G12=6.17 GPa
v12 =0.34, v23 =0.40

"* Constant tensile strain E11=0.02

Coupling Coefficients

-hx.E 2 and -

hnnLE2

2 Toray Carbon 700/Epoxy

(D

1,5

0.5

0

0 10 20 30 40 50 60 70 80 90
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Stress Functions

a2F a2F a 2F
-,~ a 3 2 yy~_
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Stress functions in Pt ply

k¢'•(y~q) = (I - 3q + 2rq')I,_,(y) + (rl- 2rl + r')G,_ + (3rf - 2q')l,(y) + (rli -rf)G,(y)

WIl= (I - ,7: )'PI'(y) + rG- + (,7 - rl'-H,_,(y)

F•1 . G,1 H,-I, 'P- are stress functions and corresponding derivatives in the
(i-I)-th ply, while F, Gi, Hi, W1 are stress functions in the i-th ply, and
q=(Y-Y,-,)/(Yi-Yi-,)

Minimum Complementary Strain
Energy

SU = Jj c5'dydz

=- ',Sý,6o" + (c.S,1 / $S1 + 6,)to'rdydz = 0

where

" (1 =( ,-aAT-SJaj")/S1S (j = 2,3,6)

ý"S"-W = S ~a S"S &= ct,S.' S11
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Edge Stresses
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Experimental Analysis

Specimens with and without nanofiber reinforcement
at interfaces
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Test Setup

Typical Stress-Strain Curve
Unmodified laminate

800-

700 Edge-delamination tension test
Lay-up: [12.I-l12-/O.J

600' Regular sample
- Stress-strain curve

Soo,
Cd

~400-
SC300-

200"

0 "

0t2 34S

Strain (%)

12



Typical Stress-Strain Curve
Nanomodified laminate
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AE Accumulation
Unmodified laminate
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AE Accumulation
Unmodified laminate
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"AE hit rate
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AE Accumulation
Nanomodified laminate
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Probabilistic Analysis

Two-parameter Weibull model:

P(o) = exp[-( )m]

Mean value: 0

S= u•0[(1 + 1)]
m

where c and mare model parameters

Median rank formula for data reduction:

f(x) =1- i-0.3
n+0.4

where i is the i-th specimen for a sample size of n specimens in the increasing
strength sequence.

Results
* 12 unmodified and 8 nanomodified specimens tested

* Weibull distribution parameters:

unmoirted Modified larminate
larimnate

10  75740 (MPa) 93297 (MPa)

Onset
Stress m 1854 1135

Mean value 73590 (MPa) 892 17 (MPa)

. 76634 (MPa) 1014.96 (MPa)

Ultmate
Strength m 2144 1386

Mean value 74729 (MPa) 977.58 (MPa)
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Delamination Onset Stress

S0-Edge-delamination onset stress disurbution

0 Modified samples(2)

,11a - Weilull recessiou of(1)
Weiiull regression ofR2)

0A

04-

02-

00

600 7;0 8 900 0 00 I I00

Onset stress (NPa)

Ultimate Laminate Strength

Ultimate tensile strength distribution
t-1 Uiomdifdied samples (1)
0 Modified samples (2)

a -• Weibull regression of(1)
o0n8 - Webull repession of(2)

.206- a

04-

02

700 800 900 1000 1100

Ultimate tensile strength (MPa)
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Fatigue Analysis

SLaminate lay-up: [122/-122/021s
: Prepreg: Toray P7951S-20-1000 (T700S fiber)

0 Testing system: MTS 8500 with Instron software

: Specimen dimensions: -140x20 x2.27 mm

* Fatigue frequency: 3Hz

Z Loading ratio: R=0.1

, Maximum stress: 0.8 of the average ultimate tensile
strength

: Fatigue loading: sine -wave

SControl method: Load control

Fatigue Stiffness Degradation

60"

"40"

30"8 30"
E

20 "

Edge-delanination fatigue test
S0- Effective n-dulus-cycle curves

- Unmodifed samples
0 - Carbon nanofiber modified samples

0 1000 2000 3000 4000 5000 60'00

Cycles
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Evaluation of Nanomechanisms

* Unmodified laminate

Evaluation of Nanomechanisms

* Unmodified laminate
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Evaluation of Nanomechanisms

* Nanomodified laminate

Evaluation of Nanomechanisms

• Nanomodified laminate
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Evaluation of Nanomechanisms

* Nanomodified laminate

Evaluation of Nanomechanisms

* Nanomodified laminate
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Evaluation of Nanomechanisms

Nanomodified laminate

Carbon Nanofiber-Reinforced Epoxy
Matrix Composites

Manufacturing of random and aligned carbon
nanofiber sheets and nanocomposites

* DMA analysis

* Fracture mechanics analysis

23



World's First Layered Continuous Nanofiber
Nanocomposites

* Random and aligned carbon nanofiber sheets
"• Impregnation with epoxy resin and stacking

"* Curing under controlled pressure, temperature,
vacuum

DMA Modulus

DMA Test Results of Carbon Nanofiber Composites -

Storage Modulus

75000- - - - -------- ----- - - - -f 3-

3000 i CF -. W4 2 03

t •A(•--G FCS2 -0 "535

2aooo aF. 037

7000

0
20 30 40 50 0 7 0
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DMA Modulus

DMA Test Results of Carbon Nanofiber Composites -

Storage Modulus

10000

1000 -aFI-Wf97

OC91 Wf 2.03%

-oo AaWFCl -- Wll.35%

20 -EW-#.-- ---.4 -

ACW-O- -- E WI 11 3%

20 30 40Ctso#20 70 530% 9

12

0.4

0- -NC 2. 55
20~~ 30C 40 0 6 70 05 9

T~mpCWOtw.317)
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Fracture Mechanics:

Random Carbon Nanofibers

Fracture Mechanics Testing
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Manufacturing of Aligned Nanofiber Composites
for Evaluation of Fracture Toughness Anisotropy

Fiber Direction

Fiber Direction

Fracture Mechanics Testing

Specimen I Specimen II
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Typical Output

Compact Tensile Test
140

160

120 C O'FC#8--Wf10.4% 

/

S100 /
80

60

40

20

0
0 0.2 04 0.6 0,8 1 12

Displacement (mm)

Failed Specimens

Specimen I Specimen 11
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Improved Nanocomposite Preparation

Manufacturing of higher volume fraction carbon
nanofiber composites by modified methods

* DMA analysis

* Improved fracture mechanics testing

Modified Manufacturing of Carbon
Nanofiber Nanocomposites

* Modification of resin impregnation

* Modification of curing conditions
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DMA Analysis

DMA Test Results of Carbon Nanofiber Conmosites - Storage
Modulus

4000

30 40 00 60 70 W4

Temper.Iu,.ret'C

Note: Compared with Old sample #6, 40 layers, wf 9.5% only.

Loss Tangent

OMA Test Results of Carbon Nanoflber Composltes.-Ton I

-as... -w en

'" 0.6

0.4D

0.20

0

20 30 40 50 60 70 s0 90
T.mpa..aW. retC
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Fracture Mechanics Testing

Output

Compact Tensile Test

25 .. . .

20

Ne sawp&. #2-WI 18.7%

15

10

0 0.1 0.2 0.3 0.4 05 0.6

Displacement (mm)

31



Modified Compact Tension Specimen

Before test After test

Use of Advanced New
Instrumentation

High-speed digital video observation system
(AFOSR/DURIP)

• Dynamic fracture testing
• Nanomanufacturing process analysis
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CORDIN Model 550-24 Rotating Mirror CCD
Camera System (AFOSR/DURIP)

24 CCD sensors

) Rotating mirror redirects image to
CCD sensors in continues fashion -

Z Gas driven turbine max rotation rate
is 12500 rps

:> Max framing rate is 1.5 million fps

: Shutter time (at max fps) is 350 ns I
: CCD resolution is 1000x1OO0 pixels

:D CCD Dynamic range is 10 bit
: Macro 28-200 mm, 1:3.5-5.6 Lenses

(Sigma)

Advanced 2500 DR Flash Lights

SFlash Power is 1000 WS, 1000
Joules (2500 effective watt
seconds)

Z Flash duration is 1/770 second at
full power (60%)

0 Modeling Light Power is 250 Watt
Flash light Intensity

100

70gs o
so

-- 10 J40
30

-20
10-

0
0 g00 1000 1600 2000 2600 3000 3600 4000

time, us
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Dynamic Fracture Test Setup

:> Hopkinson bar with gas gun
:•Striker speed about 10 m/s /

:•Stress wave speed about 5
km/s

: Electrical short used for flash
and camera triggering

Hopkinson Bar Test Schematic

D Main trigger signal comes from short in front of the bar
: After trigger initiated, strain wave travel time through the bar is 270 us
: Flash lights triggered after 70 us to give 200 us for intensity rise time
": Camera triggered after 270 us
" Peak (90%) light intensity will be maintained within 300 us
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Synchronization Optimization:
High Speed Test

"No motion" test for light
synchronization purposes

:D Frames per second: 200,000
:D Image acquiring timeframe:

120us
; All frames are taken in max

light intensity time frame
:D Slight disposition of

individual frames
: Slight light variation of

individual frames

Slower Dynamic Test

Z Slow motion test of bar
propagation (0=8mm)

* Frames per second: 14510

* Image acquiring timeframe:
1654 us.

Z Most frames are taken out of a
max light intensity time frame

* Within first 10 frames motion
average speed is 4.5 m / s

U
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Composite Plate Impact Test Setup

0Four point clamping was used to hold plate
SView axis was inclined to plate with 450

Observation and Evaluation

: Frames per second 9836
"0 Image acquiring timeframe:

2440us.
"" Only first two frames taken in

max light intensity time frame
" Several oscillation were

observed
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Summary

Continuous carbon nanofibers were manufactured
and used to reinforce interfaces in advanced
composite laminates for the first time
Substantial improvements in strength and fatigue life
were recorded

Nanofiber-reinforced laminated composites were
produced and tested for the first time

Continuous carbon nanofibers provide unique
advantages for structural nanocomposite applications

Interactions/Transitions

Commercial development and use of advanced
composites with nanofiber-reinforced interfaces is
being discussed with two aerospace companies

National Nanofiber Facility has been funded by NRI
and is being developed at UNL (Director: Y. Dzenis)
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